Context: Experimental evidence suggests saturated fatty acids (SFAs) are associated with insulin resistance, but results from epidemiological studies on fasting SFAs-diabetes risk are inconsistent.
T ype 2 diabetes is one of the leading causes of morbidity and mortality (1) . Recent global estimates reveal that 1 in 11 adults representing 415 million people has the disease, with an estimated mortality of 5 million deaths, representing one death every 6 seconds (http:// www.diabetesatlas.org/). Similarly, significantly elevated epidemiological thresholds from 0.9% (1980) to 11% (2010) of diabetes have been observed in the Chinese population (2) , with one in four cases of diabetes worldwide occurring in China (3) .
Nonesterified fatty acids (NEFAs) play a critical role in the development of type 2 diabetes, possibly due to lipotoxicity. Lipotoxicity refers to the cellular dysfunction caused by an elevated level of NEFAs, thereby reducing glucose uptake by peripheral tissues (4) , and stimulation of endogenous glucose production (5) . NEFAs are chemically classified into saturated fatty acids (SFAs) and unsaturated fatty acids. Lipotoxicity is primarily induced by SFAs, such as stearic acid (SA) and palmitic acid (PA) (6, 7) . For example, although PA induces endoplasmic reticulum stress, inflammation, and insulin resistance (IR) in animal and cell culture models (8) , SA likely promotes adiposity and causes IR (9, 10) . However, the epidemiological results of the relationship between fasting SFA and type 2 diabetes are not consistent (11) (12) (13) (14) (15) (16) .
Postprandial state, broadly defined as the period that comprises and follows a meal, or glucose loading has more recently received increased attention. In normal conditions, NEFAs are highest in the fasting state given they represent the chief fuel substrate in this state; thus, NEFAs decline in the postprandial state (17) to allow glucose utilization. In addition, lipotoxicity arising from elevated postprandial NEFAs is likely to be underestimated given their very low levels compared with elevated fasting NEFAs. Some reviews (18, 19) have suggested that detrimental effects of elevated NEFAs are likely more severe in the postprandial than fasting state. However, limited studies have reported the association of postprandial NEFAs and diabetes in the human population (20, 21) . Whether 2-hour postprandial SFAs (2h-SFAs) are associated with diabetes risk is largely unknown.
Using gas chromatography-mass spectrometry, we profiled serum SFAs in both fasting and postprandial states [after an oral glucose tolerance test (OGTT)] in an adult Chinese population without diabetes at baseline and prospectively observed the onset of diabetes. Therefore, this work was designed to evaluate the relationship between 2h-SFA and diabetes risk and further evaluated the influence of fasting SFAs on this relationship in a Chinese population cohort.
Participants and Methods

Study population
The study was approved by the Ethics Committee of Harbin Medical University and conducted in accordance with the Helsinki Declaration. Participants in the Harbin People's Health Study (recruited from the 2008 population-based cohort in Harbin, China) were the respondents for this study, and details of the study design have been described (22) . Briefly, a probability sample of individuals aged 20 to 74 years was selected using a stratified multistage random cluster sampling design. The study covered five urban administrative regions of Harbin. Each region was divided into three strata, and a total of 15 communities were randomly selected. Although 813 (9.09%) of 8940 participants recruited for the study declined participation, all participants provided written informed consent.
Physical examination was conducted at community hospitals by physicians, nurses, and medical technologists. All participants were interviewed face-to-face, and information regarding demographics, lifestyle, health status, and dietary habits was obtained. Current smokers were defined as those who smoked 100 cigarettes or more in their lifetime or smoked every day or currently smoked some days. Usual alcohol consumption was defined as none, one to two drinks/wk, three to seven drinks/wk, and more than one drink/d. Regular exercise was defined as any type of sport, physical or recreational activity other than walking for leisure, or work performed at least 30 minutes for three or more times per week. Resting blood pressure was measured three times using a standard mercury sphygmomanometer on the right arm of each participant, and mean values were used for analysis. Hypertension was defined as systolic blood pressure $140 mm Hg, diastolic blood pressure $90 mm Hg, and/or taking medication for hypertension. Anthropometric measurements, including weight, height, and waist circumference (WC), were taken at baseline by trained interviewers, and body mass index (BMI) was calculated as weight divided by height squared (kg/m 2 ). Habitual dietary intakes were assessed using a validated food frequency questionnaire, with 103 food items from 14 food groups (23) . Briefly, respondents were queried (for each food consumed) on amount (in grams or milliliters for liquid) per time, and frequency of consumption in the past 12 months was transformed to estimate daily nutrient intakes, whereas daily total energy intake was estimated using the Food Nutrition Calculator (V1.60; Chinese Center for Disease Control, Beijing, China). All nutrient data were presented as a percentage total energy intake (11) .
In the follow-up survey (between 2012 and 2015), 7639 participants returned for one or two follow-up examinations after being contacted by local Centers for Disease Control and Prevention and community clinics. All participants undertook a physical examination and provided blood samples as in the baseline. For the current study, 6641 participants were included after excluding participants with prevalent diabetes at baseline (n = 845) and those with missing fatty acid measurements (n = 101) or missing covariates (n = 48). In total, 658 incident cases of type 2 diabetes were observed during the mean 6.7 years (range, 4 to 7 years) of follow-up.
Fasting (after a 10-hour overnight fast) and 2-hour (after 75-g OGTT) blood samples were drawn from participants (upon arrival at the local community hospitals) into a vacuum tube containing sodium EDTA and temporarily stored on wet ice prior to centrifugation at 2500 3 g for 15 minutes. While glucose was assessed in serum using standard enzymatic methods, triglycerides (TGs), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were assessed with commercially available kits using an automatic analyzer (Hitachi 7100; Hitachi, Tokyo, Japan). Also, insulin concentration was measured using a ROCHE Elecsys 2010 Chemiluminescence Immune Analyzer (Roche Diagnostics GmbH, Mannheim, Germany), and homeostasis model assessment of insulin resistance (HOMA-IR) alongside b -cell function (HOMA-b) was calculated as described in Matthews et al. (24) .
Fatty acid measurements
Details of the fatty acid analyses using gas chromatographymass spectrometry have been described previously (25) . Fasting SFA and 2h-SFA were profiled using fasting and 2-hour OGTT serum samples, respectively. Samples of fatty acid methyl esters were prepared and measured using gas chromatography (initially 50°C for 2 minutes, ramped at 10°C/min to 200°C and held for 10 minutes, and then ramped at 10°C/min to 220°C and held for 15 minutes). Samples were analyzed using the TRACE GC/PolarisQ-MS system (Thermo Finnigan, Austin, TX) and capillary column DB-WAX (30 m 3 0.25 mm, 0.25 mm; J&W Scientific, Folsom, CA). Fasting and 2-hour postglucose load samples for a single person were measured in the same batch. Quality control was conducted using pooled serum that was run concurrently with study samples to verify batch-to-batch variation. Fatty acids were measured as relative weight percentages of total fatty acids as well as absolute concentrations. Interassay coefficients of variation for SFA measurements were #5.9%.
Diagnostic criteria for type 2 diabetes
Diabetes was defined as a fasting plasma glucose concentration $7.0 mmol/L or 2-hour OGTT concentration $11.1 mmol/L according to World Health Organization criteria (26) and/ or respondents reported a diagnosis of type 2 diabetes and/or taking glucose-lowering medication(s).
Statistical analysis
Characteristics of participants at both baseline and followup were compared using the t test or x 2 test for continuous and categorical variables, respectively, between incident and nonincident cases of diabetes. Although partial correlations were determined to evaluate interrelations among SFA and blood lipid profiles, relationships between SFA and glucose, insulin, HOMA-IR, and HOMA-b (at follow up) were assessed using general linear regression models after adjusting for potential confounders. TG and insulin concentrations were skewed and corrected using log transformation for analyses but are presented using untransformed values.
The propensity score (PS) was computed through the inverse probability of treatment weighting (IPTW) and applied (to use the entire cohort) (27) to the logistic regression to estimate the odds ratio (OR) of diabetes risk by tertiles of SFA using the following variables in the PS model: PS model 1 included age and sex, family history of diabetes, alcohol consumption, regular exercise, smoking status, education level, hypertension, consumption of carbohydrates (percentage of energy), consumption of protein (percentage of energy), total fat (percentage of energy) intake, and total energy intake; PS model 2 was PS model 1 additionally with WC and BMI; and PS model 3 was PS model 2 additionally with TGs, LDL-C, HDL-C, and fasting and 2-hour glucose. Also, we separately adjusted risk estimates for dietary saturated and unsaturated fat to test the impact of dietary fatty acids on the association. The 2h-SFA and diabetes risk relationship was modeled using age (linear) and BMI (linear), with statistical significance using the Wald test for the interaction term, in models, and 2h-SFAs were modeled linearly. Two-sided P , 0.05 was considered relevant. All statistical analyses were conducted using SAS version 9.3 (SAS Institute, Cary, NC).
Results
Characteristics of respondents at baseline are described in Table 1 . Compared with the nonincident cases of diabetes, incident cases of diabetes were substantially older and tended to have higher BMI, WC, and intakes of fat and protein but lower intake of carbohydrates at baseline. Serum profiles of TGs and LDL-C were higher among those with incident diabetes (Table 2) . TGs substantially positively correlated (r = 0.13, 0.14, 0.08, and 0.09, P , 0.001) with fasting SFA, fasting PA, 2h-SFA, and 2-hour postprandial SA (2h-SA), respectively (Table  3) . Although LDL-C positively correlated (r = 0.11 and 0.11) with fasting SA and 2h-SA, respectively, HDL-C negatively correlated (r = -0.07 and -0.04, P , 0.05) with fasting SA and 2h-SA, respectively.
At baseline, 2h-SFA was associated with increased 2-hour glucose (Supplemental Table 1 ). Although 2h-SA was associated with elevated fasting glucose, 2-hour postprandial PA (2h-PA) was associated with elevated 2-hour insulin. In addition, follow-up glucose and insulin concentrations were substantially increased across tertiles of baseline 2h-SFA, 2h-PA, and 2h-SA (Table 4) . Also, baseline 2h-SFA, 2h-PA, and 2h-SA were positive and inversely associated with follow up HOMA-IR and HOMA-b, respectively (Supplemental Table 2 ).
After a mean 6.7 years of follow-up, 658 incident cases of diabetes occurred, and fasting SFA was not associated with incident diabetes [ Fig. 1 Stratifying the relationship by SFA types, the IPTWadjusted ORs (95% CIs) for respondents in the highest tertile of 2h-PA and 2h-SA were 1.78 (1.45 to 2.20; P , 0.0001) and 2.61 (2.05 to 3.25; P , 0.0001), respectively, compared with those in lowest tertile [ Fig. 1(d) ]. Further adjustment for BMI (IPTW-adjusted OR, 1.59; 95% CI, 1.25 to 2.00; P , 0.0001) and WC (IPTWadjusted OR, 2.55; 95% CI, 2.00 to 3.19; P , 0.0001) failed to substantially attenuate the association [ Fig. 1(e) ]. Also, IPTW-adjusted ORs (95% CIs) of diabetes risk among respondents in the highest tertile of 2h-PA and 2h-SA were 1.56 (1.23 to 2.02) and 2.50 (2.08 to 3.16) (P , 0.0001), respectively, after IPTW adjustment for all potential confounding variables [ Fig. 1(f) ]. In addition (data not shown), 2h-SA predicted diabetes risk (IPTWadjusted OR, 2.32; 95% CI, 1.81 to 2.99; P , 0.0001) upon additional adjustment for 2h-PA (precursor of 2h-SA). Similarly, 2h-SFA predicted diabetes independent of dietary saturated fat or dietary unsaturated fat intake (Supplemental Table 3 ).
The 2h-SFA/fasting SFA ratio (IPTW-adjusted OR, 2.64; 95% CI, 2.10 to 3.47), 2h-PA/fasting PA ratio (IPTW-adjusted OR, 2.46; 95% CI, 1.95 to 3.12), and 2h-SA/fasting SA ratio (IPTW-adjusted OR, 3.01; 95% CI, 2.47 to 3.67) predicted diabetes risk [ Fig. 1(h) ], and the associations remained even after additional adjustment for lipids and glucose status, with IPTW-adjusted ORs (95% CIs) of 2.42 (1.91 to 3.11), 2.31 (1.80 to 2.93), and 2.94 (2.39 to 3.58) (P , 0.0001), respectively [ Fig. 1(g) ]. Although the confounding effect of age was statistically insignificant in the 2h-SFA-diabetes risk relationship, we found evidence of BMI interaction with the associations (Table 5) , as higher diabetes risk was prominent and insignificant among obese and normalweight participants, respectively. When SFAs were measured as absolute concentrations, similar results were also obtained (Supplemental Tables 3 to 8 ).
Discussion
In this prospective population-based cohort study, elevated 2h-SFAs were associated with increased risk of incident type 2 diabetes after IPTW adjustment. Similarly, 2h-PA and 2h-SA were also independently associated with higher risk of diabetes. To our knowledge, our results provide novel epidemiological evidence suggesting that higher serum 2h-SFA profiles likely predict type 2 diabetes risks in the human population.
In the analysis of the associations between fatty acids and diabetes, whether fatty acids should be expressed as a percentage of total fatty acids or as absolute concentrations remains a matter of debate. Almost all of the studies reported fatty acids as relative concentrations (for a better interpretation of metabolic interrelationships) as against absolute measurements. Notably, similar results were obtained when serum fatty acids were analyzed as relative concentrations or absolute concentrations in the current study.
In our study, fasting SFAs were unrelated to incident diabetes, contrary to findings from previous studies (11, 14, 15) . The study population (ethnicity and age), disparities in the tissues in which fatty acids were measured (liver, muscle, plasma, serum, or erythrocyte membranes), sample size, or duration of follow-up could be largely attributable for this difference. It is noteworthy that almost all epidemiological reports were conducted to assess relationships between fasting SFA only and diabetes. Fasting metabolites, such as lipids or fatty acids, reflect body homeostasis to some extent, whereas the accumulation of these metabolites that occurs in the circulation after meals highlights the capacity to handle acute fat-containing meal input or insulin-induced lipogenesis (28) . However, postprandial metabolism represents individual metabolic efficiency and may potentially reveal individuals at risk for metabolic disorders. Our results build upon and expand the understanding of the NEFA-diabetes risk link with an emphasis on SFAs in the postprandial state. Although exogenous lipid has been reported to exert a modest effect on circulating SFAs (11), a major source of circulating SFAs is from endogenous synthesis. Also, insulin and glucose can induce endogenous synthesis of fatty acids. In our study, we focused on the postprandial metabolism of SFAs following ingestion of oral glucose without exogenous lipid intake interference. Glucose loading as well has been used largely as a model of the postprandial state.
Inappropriately increased plasma NEFA levels could have adverse metabolic effects, such as reduced glucose uptake by peripheral tissues (4) and stimulation of endogenous glucose production (5). However, this is a simplistic view of a substrate that is highly variable in concentration from minute to minute during the normal day. The role of NEFAs might be well clearly defined by asking the following: when are increased NEFA concentrations inappropriate or detrimental? This question is best answered by a consideration of the normal temporal pattern of NEFA levels. That is, plasma NEFA concentrations are highest and decreased after an overnight fast and postprandial period, respectively, and suppression is exaggerated in the postprandial state (17) . In fasting state, blood glucose is low (in comparison with 2-hour glucose); thus, highest NEFA concentrations in the fasting state are appropriate because the body needs to draw upon stored fat to supply energy during this period, but in the postprandial state, blood glucose is increasing, and suppressing plasma NEFA concentrations allows unimpeded glucose uptake by muscles (18) . Therefore, it is likely that detrimental effects of increased NEFA levels will be most apparent in the postprandial state (18, 19) . In this study, we observed that higher concentrations of 2h-SFA (2h-PA and 2h-SA) were independently associated with an increased risk of type 2 diabetes. The postprandial state is vital because it not only represents an early metabolic response to glucose, meals, or nutrients but also accounts for the most time spent in meal sequence during daytime and the usual long duration of the certain postprandial metabolites, such as lipids or fatty acids period (28) . The ability to regulate postprandial metabolites and decrease blood glucose is apparently a crucial reflection of metabolic efficiency, which can be modulated by gene polymorphisms (29) . Thus, focusing on postprandial metabolism may offer new insight into the serum SFA-incident diabetes link.
Our results are in tandem with a number of epidemiological studies on postprandial metabolites and risk of metabolic disorders. For example, high postprandial TG levels had a high sensitivity and predictive power of cardiovascular disease (30) , and 4-hour TG levels discriminated normal and abnormal TG metabolism better than fasting TG (31) . Both studies concluded that postprandial TG is a superior predictor of cardiovascular disease than fasting TG. In addition, Zilversmit (32) even suggested that atherogenesis is a postprandial phenomenon and elevated postprandial NEFA, not fasting NEFA, is an important characteristic metabolic abnormality of type 2 diabetes (20, 21) .
Previously, using animal and human (33) models, we observed substantially elevated 2h-SFA (including 2h-PA and 2h-SA) among participants with hyperlipidemia with a potentially inverse relationship with insulin sensitivity. In an animal model, high levels of PA lead to IR (7). Borradaile et al. (8) demonstrated that elevated PA induced lipotoxicity and elicited substantial endoplasmic reticulum stress-mediated apoptosis. The endoplasmic reticulum is a vital suborganelle with an enormous capacity for cellular protein secretion and organization (34); thus, cellular perturbations such as imbalances of nutrient have been reported to be involved in the early endogenous pathogenesis of metabolic diseases such as diabetes (35) . Our previous cross-sectional studies have found that an exacerbated accumulation of 2h-SFA, especially 2h-SA, was involved in IR (33, 36) . We also found that higher SA induced severe lipotoxicity than any other NEFA (37) . In tandem with our report, van de Berg et al. (9) observed reduced hepatic insulin sensitivity as a result Figure 1 . OR (95% CI) for development of type 2 diabetes in 6641 men and women who were free of diabetes at baseline according to tertiles (T) of baseline SFA. Prospective associations of (a-c) fasting SFA, (d-f) 2h-SFA, and (g-i) 2h-SFA ratios and incidence of diabetes. ORs were obtained from logistic regression using IPTW. PS model 1 adjusted for age and sex, family history of diabetes, alcohol consumption, regular exercise, smoking status, education level, hypertension, consumption of carbohydrates (percentage of energy), consumption of protein (percentage of energy), total fat (percentage of energy) intake, and total energy intake. PS model 2 included PS model 1 additionally adjusted for WC and BMI. PS model 3 included PS model 2 additionally adjusted for TGs, LDL-C, HDL-C, and fasting and 2-hour glucose. **P-trend , 0.0001. Vertical bars represent 95% confidence interval. of elevated dietary SA. Higher serum levels of SA may promote deleterious consequences such as inflammation, endoplasmic reticulum stress, and impaired insulin sensitivity (10) and partly likely alters de novo lipogenesis. Elevated SA could also induce hepatocyte membrane instability (38) and consequently compromised insulin sensitivity, thereby affecting the homeostatic regulation of blood glucose and leading to the onset of diabetes. Aside from dietary sources, endogenous metabolism of SFA (especially in the postprandial state) is likely a major factor considered in the elevation of 2h-SA and diabetes risk. Lipotoxicity is considered to be primarily induced by SFA, whereas unsaturated fatty acids may be protective (6) . In our study, after also adjusting for dietary consumption of saturated fat or unsaturated fat, the association between 2h-SFA and diabetes risk (although slightly attenuated) remained. The characterization of a traditional Chinese diet with low fat (39) is partly attributable to the unobvious effect of dietary fat on diabetes risk in our population. However, the 2h-SFA-diabetes link appears stronger in the obese population. This observation may reflect differences in metabolism, such as dyslipidemia or excess hepatic lipogenesis in the context of excess adiposity (40) , which may accelerate possible detrimental effects of elevated 2h-SFA.
A few limitations of our study include residual confounding by imprecisely measured factors and a relatively short follow-up period. However, these limitations are alleviated by several strengths, which include focusing on SFA in the postprandial state using special analytical statistical methods, computing PS with IPTW to estimate OR, additionally adjusting for dietary fats (alongside other confounding variables such as lifestyle, demographic and anthropometric), and being the first cohort study (with a large sample size), to our knowledge, to document the association between postprandial fatty acids and risk of diabetes in the human population. We do not expect biological effects of 2h-SFA on diabetes risk to differ by race, but the generalizability of our findings would be necessarily subject to similar reports from other populations.
In summary, our results showed that 2h-SFA, rather than fasting SFA, was associated with a higher diabetes risk in a Chinese population. Future studies on the significance of dietary factors in modulating the circulating 2h-SFA level and diabetes risk are necessary for prevention and management of type 2 diabetes.
